Abstract-In this paper, we introduce a novel substrate noise estimation technique during early floorplanning, based on the concept of Block Preference Directed Graph (BPDG) and the classic Sequence Pair (SP) floorplan representation. Given a set of analog and digital blocks, the BPDG is constructed based on their inherent noise characteristics to capture their preferred relative orders for substrate noise minimization. For each sequence pair generated during floorplanning evaluation, we can measure its violation against BPDG very efficiently. We observe that by simply counting the number of violations obtained in this manner, it correlates remarkably well with accurate but computationintensive substrate noise modeling. Thus, our BPDG-based model has high fidelity to guide the substrate noise-aware floorplanning and layout optimization, which become a growing concern for mixed-signal/RF system on chips (SOC). Our experimental results show that the proposed approach is over 60x faster than conventional floorplanning with even very compact substrate noise models. We also obtain less area and total substrate noise than the conventional approach.
I. INTRODUCTION
Continuing demand for data and telecommunication application is driving tighter integration of many heterogeneous functions into a single system-on-chip. These components can be pre-designed IP cores of different natures such as sensitive front-end RF circuits, high-precision analog/mixed-signal circuits, and high-performance digital circuits. Therefore, the interference between these heterogeneous components has to be considered during layout planning and optimization [1] . A key interference is the substrate noise caused by large amount of switching activities in high speed digital cores, to the analog/RF components. It may degrade the reliability and performance of these sensitive analog/mixed-signal/RF IPs [2] . The problem is becoming a growing concern due to higher clock frequency, more accurate analog precision, deeper technology scaling, and the integration of front-end RF with digital blocks [3] - [5] . Many effects that corrupt RF signal such as DC offset, oscillator pulling and pushing, local oscillator leakage can be traced to the substrate-coupled noise [2] .
Therefore, fast yet accurate evaluation and optimization of substrate noise in physical design has become a crucial part of mixed-signal SOC designs, in order to avoid expensive overdesign and excessive design iterations. A key step of such layout optimization is the floorplanning stage [6] . Although This work is supported in part by SRC under contract 2005-TJ-1321, IBM Faculty Award, and equipment donations from Intel. many works have been done in modeling and simulation of substrate noise [2] , [3] , [5] , [12] - [15] , there is not much in the literature on substrate noise optimization in early floorplanning stage. Lin et al. [7] proposed an optimization technique that incorporates substrate noise minimization into optimization loops. This technique, however, requires detailed and expensive circuit simulations to estimate the coupled substrate noise. Blakiewicz et al. [8] proposed a floorplanning algorithm with substrate noise as a cost function. A more scalable substrate model with frequency-dependent sensitivity function of analog and digital blocks is used, but still it requires significant computational overhead to evaluate the substrate noise cost function during floorplanning.
In this paper, we propose a novel concept of block preference directed graph (BPDG) to overcome the modeling bottleneck for substrate noise-aware floorplanning. Our BPDGbased model has high fidelity compared with accurate but much more expensive substrate noise modeling. Thus, it is suitable to guide MS-SOC floorplanning. The major contributions of this paper include the following.
• We introduce the novel concept of block preference directed graph (BPDG) to represent the preferred relative block locations in floorplanning. In BPDG, all the preferences are decided to minimize the substrate noise, and each preference is specified as a directed edge.
• We propose a fast substrate noise estimation algorithm by combining BPDG and sequence pair. We simply count how many preferences in BPDG are not held in a sequence pair with simple bitwise-OR operation.
• We show that our approach has surprisingly high fidelity to the substrate noise calculated by a most recent, accurate substrate noise model [5] .
• We propose a fast substrate noise-aware floorplanning algorithm with BPDG and sequence pair. Our experimental results show the proposed approach is significantly (at least 60x) faster than a conventional simulation-based, substrate noise-aware floorplanning.
The rest of the paper is organized as follows. In Section II, preliminaries are described. In Section III, the concept of block preference directed graph is introduced. The fast substrate noise estimation algorithm is proposed in Section IV, and the overall floorplanning flow is described in Section V. Experimental results are discussed in Section VI. Section VII concludes this paper with future work. [9] . Conditions for block alignments in sequence pair are studied in [10] . H/V alignment constraints and abutting constraint between blocks are introduced and applied for performance-aware floorplanning.
B. Substrate Noise Model
Several techniques have been proposed to model and analyze substrate noise accurately in integrated circuit level [11] - [13] . However, these techniques require the detailed implementation information in transistors and time-intensive transistor-level simulation. In this paper, we use compact substrate coupling model [5] to evaluate an instance of floorplan from conventional approach, and to verify the final floorplan. The model in [5] is known to be highly scalable with dimensions and separations.
A two-port lumped resistor network, modeling substrate is illustrated in Fig. 1 . The resistance R DA , models the coupling between two blocks, and R A and R D model the coupling from the blocks to the backplane. The resistances, R DA , R A and R D can be derived from the scalable macromodel, which is based on Z-parameters.
any Z ij can be calculated with equations in [5] , [14] , [15] .
The coupling gain (propagation gain) of the substrate can be calculated from the value of resistors in the two-port lumped network shown in Fig. 1 . The coupling gain of i-th digital block to j-th analog block, CG i,j is given by:
Although CG i,j exhibits frequency-dependent characteristics, it is constant under a few gigahertz [4] . In this paper, we assume that the bands of interest are within this limit. The quantity of the substrate noise can be estimated using frequency-dependent characteristics of noise source and sensor block, and a simple analytical formula based on CG i,j . The substrate noise of j-th analog block from switching of i-th digital block, N i,j can be approximated by [8] :
where S i (f ) and H j (f ) are Power Spectral Density (PSD) of noise source and transfer function of noise sensor respectively. Also, the total noise from all digital blocks is:
As shown in Eqn. (3), CG i,j is scaled by average power of noise with regard to the frequency. The frequency-dependent noise generated by a digital block, S i (f ) is shaped by the transfer function of the noise sensor. The integration of the shaped power of noise represents the quantity of noise injected into analog block, when CG i,j is equal to 1. We use a piecewise-linear approximation of PSD to estimate S i (f ), and Power/Ground bounce limits to determine its parameters.
III. BPDG: BLOCK PREFERENCE DIRECTED GRAPH
The substrate noise model in Section II-B is one of the most compact models with high scalability and accuracy. However, it is still computationally expensive to perform a substrate noise estimation even with such an efficient model during simulated annealing-based floorplanning, because every noise estimation after a movement requires the accurate location of every block (substrate noise is exponentially sensitive to geometric distance [5] , [14] , [15] ), whereas area and wirelength can be calculated approximately. Furthermore, computing noise itself with Eqn. (2, 3) is not computationally trivial.
For fast substrate noise estimation, a new concept of block preference directed graph, BPDG is introduced and described in this section. BPDG represents preferred relative locations of blocks to guide substrate noise-aware floorplanning. BPDG construction consists of three steps.
1) A table of substrate noises (N i,j ) between all analog and digital blocks is constructed. 2) Analog block orderings and digital block orderings are created separately with the substrate noise table. 3) BPDG is constructed by finding common orders from block orderings. The following subsections illustrate each step with detailed examples in Table I and Fig. 2, 3, 4 .
A. Substrate Noise Table Construction
Since substrate noise is heavily related to the distance between blocks, we assume that the nominal distance is fixed to normalize the effect of distance. With such fixed distance, the substrate noise between a digital block and an analog block purely depends on frequency coupling and geometric properties like area and perimeter [5] , [14] , [15] . Under such condition, for each digital block D i and analog block A j , a substrate noise on A j due to D i , N i,j can be computed from Eqn. (3). 
The other five orderings can be obtained in the same manner, as shown in Fig. 2 . Basically, this ordering pushes more noise-sensitive analog blocks to the head, and less sensitive ones to the tail of block orderings.
Fig. 2. Analog block orderings

C. Digital Block Ordering
In similar way, digital blocks can be sorted for each analog block by the ascending order of substrate noise. Again considering the example in Table I, 3 and D 5 can be ordered such that the substrate noise on A 1 is increasing. All digital block orderings are shown in Fig. 3 . This pushes less aggressive blocks to the head and more aggressive blocks to the tail of block orderings. 
D. BPDG Construction
The two key ideas behind BPDG construction are: first, to find common block order patterns in order to minimize the substrate noise; second, to make less aggressive digital blocks and less sensitive analog blocks interfaced. An analog BPDG and a digital BPDG are constructed with analog and digital block orderings by Algorithm 1. The reason to create a virtual vertex in Algorithm 1 is to force analog blocks isolated from digital blocks, which is common in real mixed-signal design.
Consider the final BPDG in Fig. 4 as an example. Since A 3 is before A 2 for all analog block orderings in Fig. 2 
Add 
IV. SUBSTRATE NOISE ESTIMATION WITH BPDG
The BPDG in Section III can be used to estimate substrate noise quickly by comparing it against a sequence pair which is one of the most popular floorplan representations. In this section, a theorem which returns the number of violations against preferences in a BPDG from a sequence pair is presented, and its high fidelity to substrate noise is shown. The number of violations is highly correlated to substrate noise quantity; intuitively, more violations indicate more noise, because each directed edge from a block B a to a block B b in the BPDG means that B b is preferred to be closer to the origin (left-bottom corner of floorplan) than B a to reduce the substrate noise.
A. Sequence Pair with BPDG
In [10] , the concept of strictly ahead is defined for block alignment in a floorplanning with sequence pair. When there is no block between B a and B b in a floorplan, B a is strictly ahead of B b . Fig. 5(a) shows a floorplan with several blocks. In this example, B a is strictly ahead of B 1 , B 2 , B 3 and B 4 . In fact, strictly ahead is a necessary condition for two blocks to be abutted (only B 1 and B 3 are abutted to B a ). In the following, we introduce several definitions based on strictly ahead for easier explanation of this section.
DEFINITION α. Given a block B a and a sequence pair (P, N), all the blocks which are both strictly ahead of B a and below B a form a strictly below set of B a .
DEFINITION β. Given a block B a and a sequence pair (P, N), all the blocks which are both strictly ahead of B a and to the left of B a form a strictly left set of B a .
DEFINITION γ. Given a block B a and a sequence pair (P, N), any block in a strictly below/left set of B a and abutting to B a is a reference block.
In Fig. 5(a) , B 2 , B 3 and B 4 are strictly below set of B a , because they are strictly ahead of B a as well as below B a . Also, B 3 is a reference block of B a . One intuitive property of the reference block is stated in Lemma α referring to [10] .
Lemma α: If a block B a has a strictly below/left set S, there must exist some reference block B x in S under a completely packed floorplan.
Based on Lemma α, the relative locations of two blocks can be determined. Consider a specific floorplan in Fig. 5(b) where B a is to the left of B b , and B x is a reference block of B a . It can be easily proved that if a block such as B x exists below B b , it is guaranteed that B a has a shorter distance to the origin (0,0) than B b . This key idea to compare the relative location of two blocks conservatively with a sequence pair is presented as Theorem 1 by extending Theorem 1 and 3 in [10] . Note that the conditions 1) and 2) of Theorem 1 are corresponding to Fig. 5(b) and (c) respectively. Thus, when a sequence pair (P, N ) and a BPDG G are given, the preferred relative block location (an edge) in G can be examined with Theorem 1 to see if such preference is held in (P, N ) . Theorem 1 can be further simplified into Theorem 2 with the longest common string (LCS) search by narrowing down the size of subsequences to scan. Fig. 4 . Note that the blocks one need to pay attention to are marked with *, and we highlight one violation, even though there can be more.
in the second sequence which does not match either one of required sequence pair patterns in Theorem 1.
in the first sequence which violates the required sequence pair pattern in condition 1) of Theorem 1. The significance of Theorem 1 and 2 is that a geometric distance from the origin to any two blocks in a sequence pair can be compared conservatively without other geometric information. Thus, whether an edge (preference) in a BPDG is held in a sequence pair can be checked extremely efficiently. Note that in a real implementation, bitwise-OR can be used instead of LCS computation, since we are only interested in whether there is a common sequence.
B. Fidelity of BPDG
In order to measure the fidelity of BPDG-based model for substrate noise estimation, ami33 from MCNC benchmarks [16] was simulated with carefully generated noise characteristics. Fig. 6 shows the normalized substrate noise on all analog blocks by the number of violations counted by Theorem 2 with different total number of violations. It shows that normalized substrate noise increases near linearly as the number of violations increases. Notice that the range over 50% of maximum violations shows high fidelity with less than 6% error in Fig. 6(a) , and 9% in Fig. 6(b) . Since the typical number of violations during simulated annealing falls in this high fidelity range, the number of violations in sequence pair is a good indicator of substrate noise. Thus, by comparing BPDG of Section III against sequence pair, substrate noise can be estimated very fast with high fidelity.
• Our approach estimates substrate noise without accurate geometric information such as x and y coordinates. As a result, all the efforts to compute the accurate locations of all blocks can be saved.
• Our approach needs only integer and bitwise-OR operations whereas model-based noise estimation requires floating point operations and transcendental functions like exp(x).
V. FAST SUBSTRATE NOISE-AWARE FLOORPLANNING
Our floorplanning algorithm takes advantage of the BPDGbased fast substrate noise estimation, efficiently examining discrepancy between BDPG in Section III and sequence pair in Section IV. Also, using block inflation, we insert whitespace around analog blocks as a guard ring. Note that our white space allocation is done as a preprocessing to minimize area overhead. The overall algorithm is described in Algorithm 2.
VI. EXPERIMENTAL RESULTS
We implemented the proposed algorithm in C++ by modifying Parquet [17] which is a simulated annealing-based floorplanning package available in [18] . In order to compare our approach (bpdg in Table II ) with other approaches, we also implemented the conventional model-based, substrate noiseaware floorplanning algorithm (modl in Table II ). After every movement inside the simulated annealing loop, to estimate current floorplan instance's substrate noise on the analog blocks, the number of violations by Theorem 2 was counted for bpdg, whereas substrate noise was computed for modl based on the substrate noise model, i.e., Eqn. (4) Table II . Note that we disabled wirelength optimization, since real implementation of mixed-signal SOCs has sparse interconnection between analog blocks and digital blocks, which is not well reflected in MCNC benchmarks. However, our approach can be readily extended to include wirelength optimization, maintaining high computational efficiency.
All algorithms were tested on a Pentium4 Linux machines with MCNC [16] benchmarks (ami33, ami49) and two randomly generated larger benchmarks (n75 with 75 blocks, n100 with 100 blocks). About 30% of the blocks in each benchmark were chosen as analog blocks, and noise characteristics of all the blocks were carefully generated. All process dependent parameters were the same as in [5] , [14] and [15] . Table II shows experimental results for all benchmarks with three algorithms. Each number in the table is generated by taking the average of numbers obtained over 250 floorplans. The simulated annealing of each floorplanning is scheduled by Parquet, and stopped after the same number of movements for each benchmark. The final noise quantities for all algorithms were computed based on Eqn. (4) for fair comparison.
The last two columns show the overhead of each algorithm in terms of cpu time and area with respect to parq. From the table, parq shows the best area and cpu time (thus, 0% overhead), but the worst noise for all benchmarks as expected. The cpu time of bpdg is significantly smaller than that of modl for all benchmarks; bpdg is approximately 60-80 times faster than modl. The area overhead of bpdg is slightly smaller for the three larger benchmarks as well than modl. Lastly bpdg shows less total substrate noise than modl.
The reason why the proposed algorithm overall shows both smaller area and less substrate noise is that whitespace is more efficiently utilized. By making an analog floorplan inflated as a preprocessing step as in Section V, the substrate noise becomes less in the beginning of annealing, and this allows the simulated annealing engine to optimize the area further without increasing substrate noise. An analogy of this kind of effect can be found in congestion-aware placement [19] .
VII. CONCLUSION
In order to cope with significant substrate noise impact on analog circuits from digital circuits, we propose substrate noise-aware floorplanning with fast substrate noise estimation powered by block preference directed graph (BPDG) and sequence pair. Compared with Parquet [17] , the proposed approach has on average only 9% cpu time overhead, whereas naive model-based simulation approach shows over 6000% overhead. Also, the proposed approach shows smaller area overhead due to the efficient utilization of whitespace.
Since BPDG is a general concept for fast cost evaluation, it will be extend to deal with temperature or performance estimation in the future.
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